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INTRODUCTION 


Maintenance  dredging  of  unwanted  sedimentation  in  harbor  berthing 
areas  represents  a  serious  problem  for  the  Navy.  The  highest  rates  of 
sedimentation  typically  occur  in  quiet-water  areas  such  as  along  quay 
walls  and  within  cul-de-sac  berths.  These  areas  also  have  higher 
dredging  costs  due  to  their  restricted  access. 

Scour  jet  arrays  represent  a  new  method  of  dealing  with  unwanted 
sedimentation  in  harbor  berthing  areas.  Each  array  is  designed  to 
prevent  or  reduce  sedimentation  within  one  or  more  berths.  An  array 
consists  of  a  series  of  underwater  jets  powered  by  a  conventional  water 
pump  (Figure  1).  Flow  from  the  pump  is  sequentially  fed  to  each  jet  for 
a  period  of  5  to  10  minutes  at  the  start  of  ebb  tide.  The  scouring 
action  of  the  jets  acts  to  resuspend  newly  deposited  flocculated  clay 
sediments;  the  ebbing  current  sweeps  the  sediment  out  of  the  berthing 
area. 

Previous  laboratory  and  field  experiments  have  shown  that  the 
scouring  action  of  a  fixed  submerged  wall-mounted  jet  is  a  function  of 
the  jet  diameter,  the  jet  discharge  rate,  and  the  jet  orientation  rela¬ 
tive  to  the  bottom.  Van  Dorn  et  al.  (Ref  1)  conducted  a  series  of 
experiments  to  determine  the  scour  pattern  associated  with  a  fixed, 

bottom-mounted  scour  jet  oriented  parallel  to  the  bottom.  Van  Dorn  used 

2 

a  thin  layer  of  diatomaceous  earth  (DE)  (threshold  stress  =  1  dyne/cm  ) 

to  observe  the  variation  in  scour  distance  and  scour  width  as  a  function 

of  jet  diameter  and  jet  discharge  rate.  He  found  that  the  jet  scour 

pattern  was  tear  drop  in  shape  with  the  maximum  width,  y  ,  approximately 

1/3  of  the  maximum  scour  distance,  r  (Figure  2).  Jenkins  et  al.  (Ref  2) 

m 

generalized  these  results,  producing  a  dimensionless  equation  which 
predicts  the  applied  shear  stress  at  the  bottom  as  a  function  of  dis¬ 
tance  from  the  jet,  jet  diameter,  and  jet  discharge  rate  (Appendix  A). 


Ballard  and  Camperman  (Ref  3)  conducted  additional  scour  jet 
experiments  examining  two  factors:  the  vertical  elevation  of  the  jet 
nozzle,  and  the  angle  of  the  jet  nozzle  relative  to  the  horizontal 
(Figure  3).  These  tests  showed  that  the  maximum  scour  distance  was 
achieved  with  a  slightly  elevated  jet  having  a  small  downward  angle. 

They  developed  a  dimensionless  scour  equation  similar  in  form  to  the 
equation  by  Jenkins  et  al.  (Ref  2),  but  including  jet  elevation  and  jet 
angle  as  independent  variables  (Appendix  A). 

Existing  design  procedures  for  a  scour  jet  array  system  assume 
fixed  jets  operating  in  a  still  fluid.  While  a  number  of  jet  array 
systems  have  been  designed  using  these  procedures,  additional  improve¬ 
ments  are  needed  to  insure  more  effective  system  performance.  For 
example,  field  tests  indicate  that  tidal  currents  moving  across  the 
discharge  path  of  a  jet  may  significantly  reduce  the  scour  distance  of 
the  jet.  Alternatively,  tidal  currents  moving  in  the  same  direction  as 
the  jet  discharge  may  enhance  the  scour  distance.  Tests  are  needed  to 
quantify  these  mean  current  effects  so  that  the  design  scour  distance  is 
achieved  under  realistic  operating  conditions. 

A  second  shortcoming  in  existing  design  procedures  is  the  limitation 
posed  by  fixed  scour  jets.  Simple  geometry  suggests  that  a  scour  jet 
array  fitted  with  rotating  jet  nozzles  might  significantly  reduce  overall 
system  costs.  In  theory,  a  rotating  jet  can  cover  approximately  ten 
times  the  area  of  a  fixed  jet  using  the  same  amount  of  hardware  and 
energy.  Before  this  concept  can  be  evaluated,  tests  are  needed  to 
quantify  the  effects  of  jet  rotation  rate  on  scour  distance. 

Recognizing  the  potential  benefits  of  improved  scour  jet  array 
design  procedures,  the  Naval  Facilities  Engineering  Command  (NAVFAC) 
funded  the  Naval  Civil  Engineering  Laboratory  (NCEL)  to  conduct  an 
experimental  investigation  to  determine  the  behavior  of  rotating  and 
fixed  jets  in  moving  fluids. 

OBJECTIVE 

The  overall  objective  of  the  experimental  investigation  was  to 
evaluate  the  effects  of  a  steady  current  and  jet  rotation  rate  on  the 
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performance  of  a  submerged  scour  jet  as  a  means  of  improving  design 
procedures  for  scour  jet  array  systems.  Specific  objectives  included: 
observing  the  scour  patterns  of  a  rotating  jet  in  the  laboratory  (with 
and  without  a  mean  current);  observing  the  scour  patterns  of  a  fixed  jet 
in  a  steady  current;  and  developing  equations  to  predict  the  scour 
patterns  of  fixed  and  rotating  jets  in  steady  currents.  The  performance 
of  a  fixed  jet  in  a  still  fluid  was  not  considered,  having  already  been 
studied  in  detail  by  Van  Dorn  et  al.  (Ref  1)  and  Bailard  and  Camperman 
(Ref  3). 

APPROACH 

The  ideal  approach  to  the  stated  problem  would  be  to  start  from 
first  principals  and  derive  analytic  expressions  describing  the  distri¬ 
bution  of  shear  stress  associated  with  a  submerged,  near-bottom  wall  jet 
(i.e.,  a  scour  jet).  A  series  of  experiments  could  then  be  performed  to 
verify  these  relationships  and  supply  the  necessary  experimental  coeffi¬ 
cients.  Unfortunately,  the  complexity  of  the  flow  field  associated  with 
a  scour  jet  (rotating  or  fixed)  in  a  mean  current  places  this  type  of 
approach  well  outside  the  scope  of  the  present  investigation. 

In  the  present  investigation,  an  empirical  approach  was  taken 
consisting  of  a  series  of  small  scale  laboratory  experiments  with  fixed 
and  rotating  scour  jets  in  a  mean  current.  The  results  from  these 
experiments  were  then  generalized  for  full-scale  applications  based  on 
the  work  by  Van  Dorn  et  al.  (Ref  1),  Jenkins  et  al.  (Ref  2),  and  Bailard 
and  Camperman  (Ref  3).  The  approach  used  in  analyzing  the  experimental 
data  was  to  seek  a  series  of  dimensionless  coefficients  which  could  be 
applied  to  the  estimated  scour  distance  for  a  fixed  jet  in  a  still 
fluid.  This  would  correct  for  the  effects  of  mean  current  and  jet 
rotation.  These  coefficients  were  expressed  as  a  function  of  the 
dimensionless  mean  current  and  rotation  rate. 

The  investigation  consisted  of  two  parts.  In  Part  I,  scour 
patterns  were  generated  with  a  jet  rotating  in  still  water  (no  current). 
Independent  variables  included:  jet  rotation  rate,  jet  discharge  rate, 


; 
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jet  angle  relative  to  the  horizontal,  and  jet  elevation  above  the  bed. 

In  Part  II,  scour  patterns  were  generated  with  fixed  and  rotating  jets 
in  a  moving  fluid.  For  the  fixed  jets,  independent  variables  included 
mean  current  velocity,  jet  discharge  rate,  and  jet  orientation.  For  the 
rotating  jet,  independent  variables  included  mean  current  velocity,  jet 
discharge  rate,  and  jet  rotation  rate.  In  all  cases  with  nonzero  current 
the  jets  were  positioned  horizontally,  flush  with  the  bottom. 

EXPERIMENT  INVESTIGATION  -  PART  I 


Equipment  Test  Setup  For  Rotating  a  Jet  in  Still  Water 


The  jet  assembly  consisted  of  a  5-foot  long,  3/4-inch  brass  pipe 
connected  to  a  4-inch  long,  3/8-inch  ID  brass  pipe  by  a  reducing  elbow 
(Figure  4).  The  3/8-inch  ID  pipe  served  as  the  jet  nozzle  rotating  in  a 
horizontal  plane.  A  protractor  was  used  to  adjust  the  jet  nozzle  angle 
(0)  at  the  elbow  (Figure  3  shows  the  jet  nozzle  angle).  Two  greased 
pillow  blocks  allowed  the  raising  or  lowering  of  the  jet  nozzle  in  the 
vertical  plane  and  provided  smooth  rotation. 

A  high  torque,  variable  speed  motor  connected  to  a  chain  drive 
rotated  the  jet  assembly;  the  jet  nozzle  rotation  rate  was  controlled 
from  the  working  deck  by  a  throttle  cable.  The  actual  rotation  rate 
during  each  test  was  measured  by  timing  a  fixed  number  of  revolutions. 

A  water  swivel  attached  to  the  top  of  the  5-foot  pipe  prevented  the 
supply  hose  from  becoming  twisted. 

All  tests  were  peformed  in  NCEL's  30-foot  diameter  Seawater  Dive 
Tank.  The  motor  and  jet  assembly  were  clamped  to  a  4-foot  square  by 
3-foot  high  table  placed  on  the  tank  floor.  The  water  level  was  raised 
to  2.5  feet;  enough  to  submerge  the  nozzle  in  1  foot  of  water.  The  test 
bed  was  a  4-  by  8-foot  (122-  by  244-cm)  sheet  of  galvanized  metal  with  a 
5-cm  yellow  grid  painted  on  the  galvanized  surface  (Figure  4). 

A  pump  driven  by  a  5-hp  motor  provided  controlled  flow  to  the  jet 
assembly.  The  test  tank  served  as  a  reservoir  supplying  seawater  through 
a  4-inch  diameter  suction  hose  to  the  pump  located  on  deck.  The  seawater 


passed  through  a  flowmeter  manifold  (one  12  gpm  and  one  2.2  gpm)  then 

discharged  through  the  jet  nozzle  (Figure  5).  The  flowmeters  were 

calibrated  by  measuring  the  filling  time  of  a  known  volume. 

Diatomaceous  earth  (OE)  was  used  to  indicate  bed  stress.  Previous 

tests  by  Van  Dorn  et  al.  (Ref  1)  had  shown  DE  to  have  a  threshold  move- 

2 

ment  stress  of  1  dyne/cm  .  One  quart  of  DE  was  mixed  in  an  8-foot  long 
by  6-inch  wide  enclosure  that  rested  over  the  test  grid.  Once  the  DE 
had  settled  (about  5  minutes),  the  enclosure  was  removed  from  the  water 
to  begin  the  tests. 


Test  Procedures  For  Rotating  a  Jet  in  Still  Water 


Preliminary  tests  were  conducted  to  determine  the  following  limits 
for  the  experiment: 


1.  The  maximum  jet  discharge  rate  from  a  fixed  jet  that  scoured  DE 
completely  off  the  test  bed.  Scouring  the  DE  off  the  test  bed  left 
nothing  to  measure;  this  test  defined  an  upper  limit  of  the  discharge 
rate  for  the  experiment. 

2.  The  maximum  jet  rotation  rate  above  which  no  change  in  scour 
radius  occurred.  A  high  rotation  rate  resulted  in  a  small  scour  radius 
but  as  the  rotation  rate  descreased  the  scour  radius  increased.  This 
test  defined  the  point  where  the  scour  radius  reached  an  equilibrium. 

3.  The  jet  discharge  and  rotation  rate  combination  that  produced 
the  smallest  scour  radius.  The  time  consuming  effort  of  lowering  the 
enclosure  into  the  water  needed  to  be  minimized  to  deposit  DE  for  each 
test.  The  approach  was  to  scour  a  small  radius  for  the  first  test  and 
gradually  increase  the  scour  radius  with  each  additional  test  without 
adding  DE.  This  defined  the  starting  point  for  each  individual  test  in 
the  experiment. 


The  results  showed  that  fixed  jet  discharge  rates  greater  than 
8  gpm  caused  DE  to  scour  off  the  end  of  the  test  bed.  Jet  rotation 
rates  greater  than  2  rpm  produced  no  change  in  scour  radius.  Test 
results  also  showed  a  2-gpm  jet  discharge  rate  combined  with  a  2-rpm  jet 
rotation  rate  produced  the  smallest  scour  radius.  These  two  values 
(2  gpm  and  2  rpm)  were  applied  at  the  beginning  of  each  test  to  ensure  a 
common  starting  point.  For  the  next  test,  without  adding  DE  to  the 
water,  the  discharge  rate  was  increased  and  the  rotation  rate  decreased; 
this  produced  a  larger  scour  radius. 


Based  on  the  above  findings  and  the  work  conducted  by  Bailard  and 
Camperman  (Ref  3),  the  following  independent  variable  sets  were  evaluated: 

1.  Jet  discharge  rate  (2,  5,  and  8  gpm) 

2.  Jet  rotation  rate  (0,  1/2,  1,  and  2  rpm) 

3.  Jet  angle  measured  downward  from  the  horizontal  (0,  5,  and 
15  degrees) 

4.  Jet  height  above  the  scour  surface  (0,  7.5,  and  15  cm) 

The  jet  nozzle  and  height  pairs  were  selected  from  previous  test  results 
(Ref  3):  0  degrees,  0  cm;  5  degrees,  5  cm;  15  degrees,  15  cm. 

Three  jet  discharge  rates  and  four  jet  rotation  rates  (no  rotation 
included)  for  each  jet  angle  and  height  pair  were  evaluated.  The  following 
procedures  were  applied  for  each  test: 

1.  Adjust  equipment  to  produce  independent  variables  with  starting 
values  of  2  gpm,  2  rpm,  0  degrees,  and  0  cm. 

2.  Lower  the  DE  enclosure  over  the  test  bed. 

3.  Add  a  quart  of  DE  to  the  water  in  the  enclosure. 

4.  Mix  the  water  and  DE  together. 

5.  Wait  5  minutes  then  remove  the  enclosure  from  the  water. 

6.  Turn  on  the  pump  and  variable  speed  motor  to  commence  scouring. 

7.  After  10  minutes,  record  the  maximum  scoured  radius  and  width. 

8.  Adjust  the  equipment  to  produce  a  discharge  rate  and  jet  rotation 
rate  (e.g.,  5  gpm,  2  rpm,  and  0  degrees,  0  cm).* 

9.  Continue  to  test  the  rates  for  (0  degrees,  0  cm). 

The  data  from  Part  I  is  tabularized  in  Appendix  B. 

*The  section  on  Equipment  Test  Setup  for  Rotating  a  Jet  in  Still  Water 
describes  how  these  adjustments  were  made. 
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EXPERIMENT  INVESTIGATION  -  PART  II 

Equipment  Test  Setup  for  a  Fixed  or  Rotating  Jet  in  a  Current 

The  same  test  equipment  from  Part  I  was  used  in  Part  II,  except  for 
the  addition  of  a  flow  channel,  which  was  15-feet  long  by  2-feet  high  by 
8-feet  wide  (Figure  6).  A  30-inch  diameter  centrifugal  pump  controlled 
by  a  12-hp  hydraulic  power  source  was  used  to  generate  flow  in  the 
channel.  Figure  6  shows  the  pump  orientation  and  direction  of  flow. 

The  channel  was  supported  in  the  NCEL  dive  tark  by  an  overhead  gantry 
crane;  the  still  water  level  in  the  channel  was  18  inches.  The  variable 
speed  motor  and  jet  assembly  from  Part  I  were  installed  as  shown  in 
Figure  7. 

The  channel  currents  were  monitored  with  a  Marsh  McBirney  electro¬ 
magnetic  current  meter  hardwired  to  a  deck  readout  box.  The  current 
meter  location  can  be  seen  in  Figure  7.  DE  was  mixed  into  the  water 
bounded  by  the  channel  walls  and  after  5  minutes  the  DE  had  settled  and 
testing  could  begin. 

Test  Procedures  For  a  Fixed  or  Rotating  Jet  in  a  Current 

The  experiment  consisted  of  four  channel  flow  conditions,  combining 
either  a  fixed  or  rotating  jet  with  a  constant  jet  angle  and  jet  height 
(0  degrees,  0  cm).*  The  following  channel  flow  conditions  were  applied: 

1.  Coflow  -  flow  in  the  same  direction  as  the  jet  stream. 

2.  Crossflow  -  flow  perpendicular  to  the  jet  stream. 

3.  Counterflow  -  flow  opposing  the  jet  stream. 

4.  A  jet  rotating  in  uniform  flow. 


■ 


*Past  test  results  for  fixed  jets  in  still  water  showed  (0  degrees, 
0  cm)  jet  orientation  promoted  nearly  maximum  scour  (Ref  3). 


Prior  to  conducting  tests,  the  minimum  current  velocity  required  to 
resuspend  DE  with  no  jet  stream  was  experimentally  determined.  Too  fast 
a  current  would  have  removed  DE  independent  of  the  jet  stream.  To 
verify  this,  a  thin  layer  of  DE  was  deposited  on  the  channel  grid.  The 
current  flow  was  gradually  increased  until  insipient  motion  of  the  DE 
occurred.  The  point  of  insipient  motion  defined  the  upper  limit  for 
current  induced  scour  and  was  found  to  be  0.35  fps . 

Based  on  the  above  result,  mean  current  magnitudes  of  0.1,  0.2,  and 
0.3  fps  were  selected  for  the  scour  jet  tests. 

We  chose  jet  discharge  rates  and  jet  rotation  rates  from  the  test 
results  in  Part  I  which  were  2  and  4  gpm,  and  1/2  and  1  rpm.  The  following 
independent  variable  sets  were  applied  in  Part  II: 

1.  Three  current  magnitudes  (0.1,  0.2,  and  0.3  fps). 

2.  Two  jet  discharge  rates  (2  and  4  gpm). 

3.  Two  jet  rotation  rates  (1/2  and  1  rpm)  including  a  fixed  jet. 

4.  Four  different  jet  orientations  in  the  flow  channel. 

The  following  procedures  were  applied  for  the  coflow  tests: 

1.  Center  the  variable  speed  motor  and  jet  assembly  at  the 
entrance  to  the  flow  channel  (Figure  7). 

2.  Adjust  the  fixed  jet  discharge  to  2  gpm,  and  the  current 
velocity  to  0.1  fps. 

3.  Operate  the  jet  for  10  minutes,  then  record  the  results. 

4.  Repeat  steps  2  and  3  with  current  velocities  of  0.2  and 
0.3  fps. 

5.  Adjust  the  fixed  jet  discharge  to  4  gpm  and  test  with  the 
three  current  velocities. 

The  jet  assembly  was  moved  to  one  side  of  the  channel  for  the 
crossflow  tests.  All  three  current  velocities  and  two  jet  discharge 
rates  were  tested  with  the  fixed  jet  pointing  perpendicular  to  the  flow 
(Figure  8).  The  counterflow  tests  consisted  of  the  same  current  velocities 
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and  fixed  jet  discharge  rates;  however,  they  opposed  each  other 
(Figure  9).  For  the  rotating  jet  tests,  the  jet  assembly  was  positioned 
in  the  center  of  the  channel  as  shown  in  Figure  9,  but  the  jet  rotates. 
Jet  rotation  rates  (1/2  and  1  rpm)  were  examined  with  the  three  current 
and  the  two  jet  discharge  rates. 


DATA  ANALYSIS 

The  design  of  a  scour  jet  array  system  depends  critically  on  the 
distribution  of  bottom  stress  imposed  by  the  submerged  jets.  Van  Dorn 
et  al.  (Ref  1)  and  Jenkins  et  al.  (Ref  2)  derived  a  simple  equation  to 
predict  the  shear  stress  distribution  for  a  fixed,  bottom-mounted, 
horizontal  jet  or  arbitrary  size  operating  in  still  water.  Results  from 
the  present  study  show  that  this  distribution  is  changed  when  the  jet  is 
rotated  or  when  the  surrounding  fluid  is  in  motion. 

In  order  to  account  for  the  effects  of  mean  currents  and  jet  rotation 

on  the  scour  pattern  associated  with  a  scour  jet,  dimensionless  expressions 

were  sought  for  a  series  of  modification  coefficients  using  a  least 

squares  estimation  procedure.  The  modification  coefficients  were  defined 

as  the  ratio  of  the  observed  scour  distance  divided  by  the  scour  distance 

for  an  equivalent  fixed  jet  operating  in  a  still  fluid.  Thus,  in  the 

case  of  the  maximum  scour  radius,  r  ,  the  modification  coefficient,  K, 

m 

was  defined  as 


where  r  is  the  observed  maximum  scour  radius  corresponding  to  a  type 
n 

of  jet/flow  condition  and  r  is  the  scour  distance  for  a  particular 

m 

o 

fixed  jet  operating  in  a  still  fluid.  A  similar  expression  was  derived 
from  the  width  of  the  jet,  where  the  modification  coefficient,  J,  becomes 
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where  is  the  observed  maximum  scour  width  corresponding  to  a 

particular  jet/flow  condition  and  y  is  the  corresponding  width  for  a 

n 

fixed  jet  operating  in  still  water. 

The  basic  concept  of  this  approach  was  that  the  fixed  jet/still 
water  scour  distance  could  be  predicted  from  existing  equations  (see 
Appendix  A),  while  the  modification  coefficients  could  be  expressed  as 
simple  functions  of  the  jet/current  parameters.  Combining  the  two,  the 
modified  scour  distance  could  then  be  predicted  from  known  jet/current 
parameters . 

Modification  coefficients  were  developed  for  the  following  cases: 

1.  A  rotating,  horizontal  bottom  jet  in  still  water  (scour 
radius  only) . 

2.  A  fixed,  horizontal  bottom  jet  in  a  coflow  current  (scour 
radius  only) . 

3.  A  fixed,  horizontal  bottom  jet  in  a  crossflow  current  (scour 
radius  and  scour  width) . 

4.  A  fixed,  horizontal  bottom  jet  in  a  counterflow  current 
(scour  radius  and  scour  width). 

5.  A  rotating,  horizontal  bottom  jet  in  a  current  (scour  radius 
at  each  quandrant) . 

The  approach  used  in  each  case  was  to  plot  the  modification  coeffi 
cient  as  a  function  of  the  following  dimensionless  variables: 

1.  The  dimensionless  rotation  rate,  ui  =  u>  d/U 

o  o 

2.  The  dimensionless  mean  current,  P  =  u/Uq 

3.  The  dimensionless  undisturbed  (i.e.,  fixed  jet/still  fluid) 
scour  distance,  r  /d 


where  U)q  is  the  jet  rotation  rate,  d  is  the  jet  diameter,  Uq  is  the  jet 
discharge  velocity,  and  u  is  the  mean  current  velocity. 

In  most  cases,  visual  inspection  of  the  experimental  data  plots 
suggested  the  appropriate  form  for  an  equation  describing  the  modifi¬ 
cation  coefficient.  A  multiple  linear  regression  technique  was  then 
used  to  estimate  all  undetermined  parameters  in  the  equations.  One 
constraint  in  this  procedure  was  that  each  equation  had  to  be  expressed 
as  a  linear  function  of  its  undetermined  parameters  (often  after  suit¬ 
able  transformation).  More  specific  details  of  this  procedure  are 
discussed  below. 


Rotating  a  Jet  in  Still  Water 


Tests  of  a  jet  rotating  in  still  water  showed  the  scour  radius  to 
be  a  strong  function  of  the  rotation  rate.  Increasing  the  rotation  rate 
of  the  jet  caused  a  sharp  decrease  in  the  resulting  scour  radius.  This 
effect  gradually  decreased  with  increasing  rotation  rate,  with  the 
modification  coefficient  eventually  approaching  a  constant  value. 


Figure  10  is  a  plot  of  the  rotation  modification  coefficient,  K^, 


as  a  function  of  the  dimensionless  rotation  rate,  u>.  Visual  inspection 
of  the  data  shown  in  Figure  10  coupled  with  a  simple  momentum  flux 


analysis  led  to  the  following  equation  for  K^: 


U) 


=  (l2-lle"18u)) 


-0.417 


(3) 


In  the  above  equation,  the  coefficients  -18  and  -0.417  were  least 
squares  estimated  from  the  data,  while  the  coefficients  -11  and  12  were 
derived  from  the  momentum  flux  analysis.  Equation  3  is  plotted  in 


Figure  10,  showing  a  relatively  good  fit  to  the  overall  trend  in  the 
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data  (coefficient  of  determination  R  =  .83).  A  complete  summary  of 
this  data  may  be  found  in  Appendix  B. 


Fixed  Jet/Coflow  Current 


Tests  with  a  fixed  jet  oriented  parallel  to  the  current  (coflow) 
showed  the  maximum  scour  radius  to  increase  with  increasing  mean  current 
strength,  and  the  maximum  scour  width  to  decrease  with  increasing  mean 
current  strength.  The  rate  of  increase  in  the  scour  radius  was  found  to 
be  a  function  of  the  flowrate  of  the  jet,  alternatively  expressed  as  the 
scour  distance  ratio,  r  /d.  The  experimental  data  on  the  width 
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of  the  jet  were  insufficient  for  analysis. 

Figure  11  shows  a  plot  of  the  coflow  modification  coefficient,  K  , 
as  a  function  of  the  dimensionless  mean  current,  0,  and  the  jet  flow- 
rate.  Visual  inspection  of  the  data  coupled  with  dimensional  analysis 
led  to  the  following  equation: 


K 

co 


1.57 

1  +  0.913  0 


(4) 


The  coefficients  0.913,  1.57,  and  0.885  were  least  squares  estimated 

from  the  experimental  data.  Equation  4  is  shown  plotted  in  Figure  11  as 

two  lines,  one  corresponding  to  a  jet  discharge  rate  of  2  gpm  and  the 

other  to  a  jet  discharge  rate  of  4  gpm.  The  fit  is  judged  to  be  good 

2 

for  the  latter  case  (R  =  0.98)  and  somewhat  poor  for  the  former  case 
2 

(R  =  0.79).  All  of  the  data  plotted  in  Figure  11  are  summarized  in 
Appendix  C. 

Fixed  Jet/Crossflow  Current 


Tests  of  a  fixed  jet  in  a  cross  current  were  surprising.  Before 
testing  it  was  anticipated  that  a  cross  current  would  enhance  the  scour 
distance  of  a  fixed  jet.  In  fact,  test  results  showed  that  the  scour 
distance  of  the  jet  decreased  with  increasing  current  strength.  In 
contrast  to  the  coflow  situation,  changing  the  jet  flow  rate  had  rela¬ 
tively  little  effect  on  the  modification  coefficient. 


Figure  12  shows  a  plot  of  the  crossflow  modification  coefficient, 
Kcr,  plotted  as  a  function  of  the  dimensionless  mean  current  strength, 

P,  and  the  jet  discharge  rate.  Visual  inspection  of  the  data  suggested 
an  equation  which  was  cubic  in  the  variable  p  and  independent  of  the 
discharge  rate.  A  polynomial  regression  fit  to  the  experimental  data 
led  to  the  following  equation  for  K  : 

Kcr  =  1  +  41.4  p  -  3,310  p2  +  46,900  p3  (5) 

Figure  12  contains  a  plot  of  Equation  5.  The  fit  to  the  data  is 
excellent  (R2  =  0.98). 

Figure  12  also  show,  a  plot  of  the  crossflow  scour  width  modifica¬ 
tion  coefficient,  Jcr>  as  a  function  of  the  dimensionless  mean  current 
strength  and  the  jet  discharge  rate.  Again,  the  coefficient  is  seen  to 
be  principally  a  function  of  the  mean  current  strength,  p,  but  not  the 
discharge  rate.  Visual  inspection  of  the  data  coupled  with  a  polynomial 
regression  fit  to  the  data  led  to  the  following  equation: 

Jcr  =  1  +  120  p  -  7,330  p2  +  104,000  p3  (6) 
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The  fit  to  the  data  is  relatively  good  (R  =  0.83).  The  crossflow 
current  also  induces  a  deflection  of  the  jet  scour  pattern.  Figure  12 
shows  a  plot  of  this  deflection  angle,  0cf,  expressed  in  radians,  as  a 
function  of  the  dimensionless  mean  current  strength  and  the  jet  discharge 
rate.  Visual  inspection  of  the  data  coupled  with  regression  analysis 
led  to  the  following  equation  which  is  quadratic  in  P  and  independent  of 
the  jet  discharge  rate: 

0cr  =  ”4,64  P  +  612  P2  (?) 
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The  fit  to  the  data  is  adequate  (R  =  0.72).  All  of  the  data 
contained  in  Figure  12  are  summarized  in  Appendix  C. 


Fixed  Jet/Counterflow  Current 


Counterflow  currents  were  found  to  significantly  diminish  the  scour 
radius  of  a  submerged  jet.  At  the  same  time,  the  width  of  the  jet  was 
enhanced.  Figure  13  shows  a  plot  of  the  counterflow  scour  radius  modi¬ 
fication  coefficient,  K  . ,  as  a  function  of  the  dimensionless  mean 

*  ct’ 

current  strength  and  the  jet  discharge  rate.  Visual  inspection  of  the 
plotted  data  coupled  with  regression  analysis  led  to  the  following 
equation  which  is  a  function  of  both  3  and  the  undisturbed  dimensionless 
scour  radius: 


K 


ct 


1  +  1.75  3 


-0.228 


(8) 


where  the  coefficients  1.75,  -0.228,  and  -0.336  were  least  squares 

estimated  from  the  experimental  data.  Equation  8  is  shown  plotted  as 

two  lines  in  Figure  13;  the  lines  refer  to  a  2  gpm  and  4  gpm  jet  dis- 
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charge  rate.  The  fit  to  the  data  is  excellent  (R  =  0.93). 

Following  a  similar  procedure,  Figure  14  shows  a  plot  of  the 
counter-flow  jet  width  modification  coefficient,  Jct»  as  a  function  of 
the  dimensionless  mean  current  strength,  3>  and  the  jet  discharge  rate. 
Visual  inspection  of  the  data  and  application  of  multiple  regression 
analysis  led  to  the  following  equation: 


/rm  V'43  .  /rm\2-43 

Jet  =  1  -  0.0161  3  \-f-J  +  0.003  3  l -f-l  (9) 

Equation  9  is  shown  plotted  in  Figure  14  for  a  2  and  4  gpm  dis- 
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charge  rate.  The  fit  to  the  data  is  excellent  (R  =  1.0).  The  data 
plotted  in  Figures  13  and  14  are  summarized  in  Appendix  C. 


Rotating  a  Jet  in  a  Steady  Current 


Tests  of  a  rotating  jet  in  a  mean  current  showed  the  current  to 
cause  a  distortion  in  the  jet  scour  pattern.  What  was  originally  a 


circular  scour  pattern  became  a  diamond-shaped  pattern  as  the  mean 
current  increased.  This  distortion  has  been  characterized  by  the  four 
quandrant  radii  (i.e.,  the  radius  in  line  with  the  mean  current,  the 
radius  counter  to  the  mean  current,  and  the  radii  perpendicular  to  the 
mean  current).  Interestingly,  the  latter  were  found  to  be  unequal,  due 
to  the  rotation  of  the  jet. 

Tests  were  conducted  by  varying  the  jet  discharge  rate,  the  jet 
rotation  rate,  and  the  mean  current  velocity.  Values  for  each  paramete 
are  summarized  as  follows: 


Jet  Flowrate 
fgpm) 

Jet  Rotation  Rate 
(rpm) 

Mean  Current 
(cm/sec) 

Case 

Number 

2 

0.90 

0 

1 

2 

0.90 

38.1 

1 

2 

0.90 

68.6 

1 

2 

0.90 

99.1 

1 

4 

0.90 

0 

2 

4 

0.90 

38.1 

2 

4 

0.90 

68.6 

2 

4 

0.90 

99. 1 

2 

2 

0.53 

0 

3 

2 

0.53 

38.1 

3 

2 

0.53 

68.6 

3 

2 

0.53 

99.1 

3 

4 

0.53 

0 

4 

0.53 

38.1 

4 

0.53 

68.6 

4 

0.53 

99.1 

KUb 

Figures  15,  16,  17,  and  18  contain  plots  of  the  four  modification 

coefficients,  K  , ,  K  K  and  K  .  as  a  function  of  the  dimension 
rcl  rc2  rc3  rc4 

less  current  strength  and  the  above-mentioned  case  numbers.  Note  that 
the  coefficients  are  numbered  consecutively  moving  in  a  clockwise  direc 
tion,  starting  in  the  direction  of  the  mean  current.  The  modification 
coefficients  plotted  in  Figures  15  through  18  are  defined  somewhat 
differently  than  for  the  rotating  jet,  zero  current  case.  Instead  of 
being  nondimensionalized  by  the  fixed  jet,  zero  current  scour  radius; 
they  are  nondimensionalized  by  the  rotating  jet,  zero  current  scour 
radius ,  i.e., 


(i  =  1,  2,  3,  4) 


(10) 


rv  VTI 


r 


If  is  the  modification  coefficient  as  originally  defined,  then 


K  . 
ri 


(i  =  1,  2,  3,  4) 
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Plotting  the  data  in  terms  of  K' .  was  found  to  be  a  convenience 

n 

since  it  removed  the  effects  of  rotation  and  jet  discharge. 

Visual  inspection  of  the  data  plotted  in  Figures  15,  16,  17,  and  18 
coupled  with  regression  analysis  led  to  the  following  equation  in  the 
parameter  0: 

/  1  \°'417 

Kr.  =  (1  +  A  03  +  B  02  +  C  0)  (^12  _  n  e  -18u) J  (12) 

where 


i 

A 

B 

C 

R2 

1 

-6,666 

503 

-00.6 

0.85 

2 

-2,701 

372 

-20.2 

0.90 

3 

-2,356 

316 

-16.5 

0.84 

4 

-7,206 

500 

-12.9 

0.79 

2 

The  above  values  of  R  indicate  a  relatively  good  fit  to  the  data. 
Appendix  C  contains  a  summary  of  all  the  data  plotted  in  Figures  15 
through  18. 


DISCUSSION 


The  test  results  show  that  the  scour  radius  of  a  submerged  jet  is  a 
function  of  the  jet  rotation  rate  and  the  velocity  of  the  surrounding 


fluid.  For  rotating  jets,  reducing  the  rotation  rate  increases  the 
scour  distance  while  increasing  the  time  to  complete  one  revolution. 
Depending  on  the  erosional  characteristics  of  the  sediment,  there  should 
be  an  optimum  rate  of  rotation  which  will  produce  the  greatest  sedimen¬ 
tation  protection  for  the  least  amount  of  energy.  From  a  practical 
standpoint,  however,  for  typical  field  conditions  (i.e.,  jets  having  a 
scour  radius  of  approximately  75  feet),  rotation  rates  of  0.5  to  1.0  rpm 
should  produce  less  than  a  5%  reduction  in  scour  radius. 

While  most  of  the  laboratory  tests  of  scour  jets  have  been  con¬ 
ducted  in  still  water,  most  scour  jet  arrays  operate  in  either  a  coflow 
or  crossflow  condition.  For  the  jet  array  systems  tested  at  Mare  Island 
Naval  Shipyard  (Jenkins  et  al.  Ref  2),  velocity  ratios  (B)  ranged  from 
0.01  to  0.02.  The  present  tests  show  that  for  coflow  jets,  scour  radii 
can  be  enhanced  from  5  to  15%  by  the  presence  of  the  mean  current.  For 
crossflow  jets,  scour  radii  are  changed  less  than  5%,  while  scour  widths 
are  increased  from  30  to  40%.  The  deflection  angles  are  typically  less 
than  10  degrees. 

The  present  tests  show  that  the  presence  of  a  mean  current  reduces 
the  relative  advantages  of  a  rotating  jet  over  a  fixed  jet.  Nevertheless, 
under  typical  field  conditions  (i.e.,  jets  having  a  scour  radius  of 
75  feet  and  mean  currents  r f  about  a  knot  or  less),  the  relative  advan¬ 
tage  of  a  rotating  jet  over  a  fixed  jet  is  about  a  factor  of  7. 

The  present  test  results  are  subject  to  a  number  of  limitations. 

For  example,  the  two-dimensional  scour  patterns  produced  by  the  resus¬ 
pension  of  a  thin  layer  of  DE  are  only  partially  representative  of  scour 
conditions  in  the  field.  In  harbor  berthing  areas,  the  bottom  is  com¬ 
posed  of  relatively  soft  clay  sediments.  The  scouring  action  of  the 
submerged  jets  will  create  a  three-dimensional  depression  in  the  bottom, 
thereby  modifying  the  hydrodynamics  of  the  scour  jet  flow.  Under  such 
circumstances,  the  plan  dimensions  of  the  scour  depression  may  be  con¬ 
siderably  different  than  the  predicted  dimensions. 

Another  limitation  of  the  present  tests  was  the  constant  jet  diameter 
Although  changing  the  jet  diameter  may  have  some  effect  on  the  predicted 
results,  this  effect  is  thought  to  be  negligible. 


The  results  of  the  present  laboratory  study  will  be  verified  through 
comprehensive  testing  of  a  full  scale  prototype  system  to  be  installed 
at  Mare  Island  Navy  Shipyard  (MINSY).  The  test  bed  has  been  designed  to 
systematically  vary  the  jet  discharge  rate,  the  jet  diameter,  the  jet 
elevation,  and  the  jet  angle.  Rotating  jets  as  well  as  fixed  jets  will 
be  examined. 

The  scour  jet  array  test  bed  at  MINSY  will  consist  of  13  jets  and 
will  be  powered  by  a  vertical  turbine  pump.  Flow  to  each  jet  will  be 
controlled  by  a  separate  butterfly  valve  connected  to  a  common  manifold. 
The  pneumatically-actuated  valves  will  be  sequenced  by  a  digital  control 
system  which  will  also  act  as  a  data  logger  and  monitoring  system.  The 
system  will  be  installed  at  Berth  9  along  a  200-foot  section  of  quay 
wall.  Monitoring  of  the  system  will  begin  in  FY87  and  continue  through 
FY88 . 


CONCLUSIONS 


A  series  of  experiments  were  conducted  to  determine  the  effects  of 
rotation  rate  and  mean  current  strength  on  the  scour  distance  behavior 
of  submerged  jets.  The  scour  distance  of  a  jet  was  found  to  decrease 
with  increasing  rotation  rate  of  the  jet.  Although  the  greatest  scour 
distance  occurs  with  a  fixed  jet,  a  rotating  jet  can  scour  a  greater 
area.  For  most  field  applications  of  the  scour  jet  arrays,  rotation 
rates  of  1/2  to  1  rpm  are  optimum. 

The  effect  of  a  mean  current  on  fixed  and  rotating  jets  was  found 
to  be  a  function  of  the  orientation  and  discharge  velocity  of  the  jet 
relative  to  the  mean  current.  For  jets  directed  with  the  current  (coflow), 
the  relative  scour  distance  was  increased.  Increasing  the  jet  velocity 
relative  to  the  mean  current  was  found  to  reduce  the  effect  of  the  mean 
current . 

A  series  of  equations  were  developed  to  predict  the  effects  of  mean 
current  and  jet  rotating  on  the  scour  pattern  for  a  jet.  Dimensionless 
coefficients  defined  as  the  ratio  of  the  maximum  scour  distance  (with 
steady  currents  and/or  jet  rotation)  divided  by  the  scour  distance  for 


u 
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an  equivalent  fixed  jet  in  a  still  fluid  are  expressed  as  functions  of 
the  dimensionless  current  strength,  the  dimensionless  rotation  rate,  and 
the  dimensionless  scour  distance.  Although  based  on  laboratory  data, 
similar  studies  suggest  that  these  equations  will  be  valid  for  prototype¬ 
sized  jets  as  well.  Table  1  contains  a  useful  summary  of  these  experimental 
results . 

These  equations  form  the  basis  for  a  significant  improvement  in 
existing  design  procedures  for  scour  jet  array  systems.  The  ability  to 
estimate  the  effect  of  mean  currents  on  the  maximum  scour  distance  of  a 
jet  will  ensure  acceptable  system  performance  and  more  optimum  system 
design.  Incorporation  of  rotating  scour  jet  nozzles  into  existing 
design  practice  holds  the  promise  for  significant  reductions  in  system 
costs . 

One  of  the  remaining  uncertainties  in  the  design  procedure  for  a 
scour  jet  array  is  the  minimum  shear  stress  needed  to  resuspend  newly 
deposited  flocculated  clay  sediments.  Laboratory  experiments  suggest 
that  a  stress  of  about  0.004  psf  should  be  adequate;  however,  this  value 
needs  to  be  better  defined.  NCEL  is  currently  developing  a  Shear  Test 
Device  which  can  be  deployed  at  a  site  to  determine  the  minimum  necessary 
shear  stress.  Initial  testing  of  this  device  looks  promising. 

A  full  scale  scour  jet  array  test  bed  is  currently  being  installed 
at  MINSY  for  the  purpose  of  evaluating  component  and  system  performance. 

The  test  bed  will  be  used  to  systematically  examine  the  effects  of  jet 
flowrate,  jet  height,  and  jet  angle  on  the  scour  distance  of  a  jet.  The 
results  of  these  tests  will  be  used  to  evaluate  the  predictive  equations 
presented  in  this  report. 
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r  =  maximum  scour  radius 
m 

y_  =  maximum  scour  width 
7  m 


top  view 

Sketch  of  ideal  jet  plume  and  scour  pattern  boundaries 
for  horizontal  bottom-mounted  jet. 
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mV 


top  view 


Figure  3.  Sketch  of  ideal  jet  plume  and  scour  pattern  boundaries 
for  angled,  elevated  jet. 


motor 


Figure  4.  Motor,  jet  assembly,  and  test  bed. 
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Coflow  schematic  (jetstream  in  the  same  direction  as  the 


Crossflow  schenatic  (jetstreao  perpendicular  to  the  current) 


Counterflow  schematic  (jetstream  opposing  the  current) 
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Figure  11.  Equation  and  graph  for  predicting  scour  radius  given  a 

jet  (discharge  rate  and  diameter)  and  mean  current  velocity. 
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Figure  12.  Equations  and  graph  for  predicting  scour  (radius,  width,  and 
angle)  given  a  jet  (discharge  rate  and  diameter)  and  mean 
current  velocity. 
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Equation  and  graph  for  predicting  scour  radius  coordinate 
r_  given  a  jet  (discharge  rate,  rotation  rate,  and  diameter) 


Rotating  Scour  Jet  With  Current 


Equation  and  graph  for  predicting  scour  radius  coordinate 
r.  given  a  jet  (discharge  rate,  rotation  rate,  and  diameter) 
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EQUATIONS  DESCRIBING  SCOUR  PATTERN  (WIDTH  AND  RADIUS)  DERIVED  BY 
VAN  DORN,  BA I LARD ,  AND  CAMPERMAN 

Van  Dorn  et  al.  (Ref  1)  used  a  thin  layer  of  diatomaceous  earth  to 
indicate  a  shear  stress  level  of  0.1  Pa  (1.45  x  10  ^  psi).  These  results 
were  generalized  in  the  form  of  an  equation  for  maximum  scour  radius: 
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induced  shear  stress  on  the  bed 
jet  discharge  velocity 
jet  diameter 
fluid  density 

Reynolds  number  for  the  jet,  (UQd/v) 

fluid  kinematic  viscosity 

maximum  scour  radius  in  still  fluid 
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(A-l) 


Referring  to  Figure  2,  the  maximum  width,  y^  ,  of  the  scour  pattern 

equals  r  /3  and  is  located  a  distance  of  0.67  r  °  from  the  jet  nozzle. 
id  m 

Bailard  and  Camperman  (Ref  3)  showed  that  the  jet°scour  pattern  is  also  a 
function  of  the  jet  height  from  the  bottom,  h,  and  the  jet  angle  relative 
to  the  horizontal,  0.  For  a  raised,  angled  jet  (Figure  3),  the  maximum 
scour  distance  is: 
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where  C  =  10 


("C2/C!) 


(A-3) 


0.0533  sin  (5.59  Q )  -  0.385 

+  (-0.0201  +  0.00593  0°‘356)  (h/d) 


(A-4) 


=  2.442  +  0.0108  (h/d) 


1.266  x  10-4  (h/d)2-  0.0118  6 


-  9.33  x  10-5  02 


(A-5) 


Laboratory  tests  have  shown  that  small  jet  angles  (just  below 
horizontal)  and  low  heights  (just  above  sediment  surface)  are  most 
effective  in  producing  scour  over  a  significant  distance. 

Referring  to  Figure  3,  a  new  variable,  S,  described  the  horizontal 
distance  from  the  jet  to  the  point  initiating  scour.  Despite  considerable 
effort,  analytic  expressions  such  as  Equations  A-l  and  A-2  could  not  be 


derived  for  predicting  pattern  width,  y  ,  maximum  radius  width,  r  ,  nor 

m  y 


the  distance  to  initial  scour,  S.  Instead,  graphical  solutions  were 
required. 


Appendix  B 

SCOUR  DATA  FROM  EXPERIMENTAL  INVESTIGATION  -  PART  I 


Recorder 

Start 

Finish 

6 

Height 

(cm) 

U>* 

Q 

r 

Comments/ 

Observations 

No. 

Date 

Time 

Time 

(deg) 

(rpm) 

(gpm) 

(cm) 

5/8/84 

1357 

1407 

0 

0 

2 

2 

50-55 

Q  =  2.25 

5/8/84 

1413 

1423 

0 

0 

1 

2 

60-65 

5/8/84 

1428 

1438 

0 

0 

0.5 

2 

65-70 

5/8/84 

1440 

1450 

0 

0 

0 

2 

88-95 

5/8/84 

1458 

1508 

0 

0 

2 

5 

88-95 

5/8/84 

1514 

1524 

0 

0 

1 

5 

100-110 

5/8/84 

1526 

1536 

0 

0 

0.5 

5 

120-125 

8 

5/8/84 

1538 

1548 

0 

0 

0 

5 

170-175 

9 

5/8/84 

1608 

1618 

0 

0 

2 

8 

115 

10 

5/8/84 

1621 

1631 

0 

0 

1 

8 

140-145 

11 

5/8/84 

1634 

1644 

0 

0 

0.5 

8 

160-170 

12 

5/8/84 

1646 

1650 

0 

0 

0 

8 

210 

spotted 

13 

5/9/84 

1025 

1035 

15 

15 

2 

2 

23-33 

14 

5/9/84 

1042 

1052 

15 

15 

1 

2 

40-47 

first  25  cm 

no  scour 

15 

5/9/84 

1101 

1111 

15 

15 

0.5 

2 

50-52 

16 

5/9/84 

1112 

1122 

15 

15 

0 

2 

83 

17 

5/9/84 

1127 

1137 

15 

15 

2 

5 

85-90 

18 

5/9/84 

1145 

1155 

15 

15 

1 

5 

98-99 

19 

5/9/84 

1204 

1214 

15 

15 

0.5 

5 

110-115 

20 

5/9/84 

1215 

1225 

15 

15 

0 

5 

155-165 

spotted 

pattern 

21 

5/9/84 

1328 

1338 

15 

15 

2 

8 

115-118 

22 

5/9/84 

1347 

1357 

15 

15 

1 

8 

140-145 

23 

5/9/84 

1402 

1412 

15 

15 

0.5 

8 

160-165 

24 

5/9/84 

1413 

1423 

15 

15 

0 

8 

220 

spotted 

0  =  Jet  Angle  w.  horizontal 
w  =  Rotation  Speed 
Q  =  Flowrate 
D  =  Scour  Distance 
C  =  Current  Speed 


(continued) 
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Recorder 

Start 

Time 

Finish 

Time 

6 

(deg) 

Height 

(cm) 

U)' 

(rpm) 

Q 

(gpm) 

(cm) 

Comments/ 

Observations 

No. 

Date 

25 

5/10/84 

0918 

0928 

5 

15 

2 

2 

spotty  at  32 

no  scour 

26 

5/10/84 

0935 

0945 

5 

15 

1 

2 

30-40 

spotted 

27 

5/10/84 

0959 

1009 

5 

15 

0.5 

2 

35-50 

spotted 

28 

5/10/84 

1010 

1020 

5 

15 

0 

2 

75-80 

29 

5/10/84 

1023 

1033 

5 

15 

2 

5 

68 

30 

5/10/84 

1038 

1048 

5 

15 

1 

5 

87-95 

31 

5/10/84 

1053 

1103 

5 

15 

0.5 

5 

110-125 

32 

5/10/84 

1104 

1114 

5 

15 

0 

5 

180 

spotted 

33 

5/10/84 

1129 

1139 

5 

15 

2 

8 

105-115 

34 

5/10/84 

1144 

1154 

5 

15 

1 

8 

135 

35 

5/10/84 

1159 

1209 

5 

5 

0.5 

8 

187-210 

36 

5/10/84 

1210 

1220 

5 

15 

0 

8 

220 

*Scour  began 

at  30  cm  for  all 

tests 

due  to  the  5-degree  jet  angle  and 

15 

cm  height 

5/10/84 

HI 

5 

n 

2 

2 

35-39 

5/10/84 

pa 

1354 

5 

1 

2 

45-52 

5/10/84 

1409 

5 

nil 

0.5 

2 

55-60 

40 

5/10/84 

EH 

1420 

5 

■H 

0 

2 

92 

41 

5/10/84 

1424 

1434 

5 

2 

5 

87 

42 

5/10/84 

1437 

1447 

5 

WBEk 

1 

5 

103 

43 

5/10/84 

1453 

1503 

5 

SKSB 

0.5 

5 

117 

44 

5/10/84 

1504 

1514 

5 

■B 

0 

5 

165 

45 

5/10/84 

1539 

1549 

5 

BR9 

2 

8 

120-125 

46 

5/10/84 

1555 

1605 

5 

1 

8 

142-143 

47 

5/10/84 

1608 

1618 

5 

ms 

0.5 

8 

165-170 

48 

5/10/84 

1619 

_ 

1629 

5 

MB 

o 

8 

230 

*Scour  began  at  17  cm  for  all 

tests 

due  to  the  5-degree  jet  angle  and 

15 

cm  height 

0  =  Jet  Angle  w.  horizontal 
uj  =  Rotation  Speed 
Q  =  Flowrate 
D  =  Scour  Distance 
C  =  Current  Speed 
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SCOUR  PATTERNS  FROM  EXPERIMENTAL  INVESTIGATION  -  PART  II 
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V  *-• 


Parallel  Flow 


Flow  corn’d 


Against  Current 


Test  3  -  Q  =  2  gpm,  C  =  0.1-0.25  fps,  w  =  67  sec/rev 


Test  4  -  Q  =  2  gpm,  C  =  3-0.  35  tps,  w  =  67  sec/rcv 


Rotating  Flow  eont’d 


95  cm 
37.50  in. 


Test  7  -  Q  =  4  gpm,  C  «  0.2-0.25  fps,  w  =  67  sec/rev 


Test  8  -  Q  =  4  gpm,  C  =  0.3-0.35  fps,  w  =  67  sec/rev 


Rotating  Flow  cont’d 


C-ll 
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Code  119,  Annapolis,  MD;  DET.  Code  1250,  Annapolis.  MD.  DET.  Code  1568.  Annapolis.  MD;  DET. 

Code  284.  Annapolis.  MD;  DET.  Code  1120.  Annapolis.  MD 
EODGRU  ONE  DET.  CO.  Point  Mugu.  CA 
FAA  Code  APM-740  (Tomita),  Washington.  DC 
FMFLANT  CEC  Offr.  Norfolk  VA 

FMFPAC  FEO.  Camp  HM  Smith.  HI;  G5  (SC'IAD).  Camp  HM  Smith.  HI 
FOREST  SERVICE  Engrg  Staff.  Washington.  DC 
GIDEP  OIC.  Corona.  CA 

IRE-ITTD  Input  Proc  Dir  (R.  Danford).  Eagan.  MN 
KWAJALEIN  MISRAN  BMDSC-RKL-C 
LIBRARY  OF  CONGRESS  Sci  &  Tech  Div.  Washington.  DC 
MARCORPS  FIRST  FSSG.  Engr  Supp  Offr,  Camp  Pendleton,  CA 

MARINE  CORPS  BASE  ACOS  Fac  Engr.  Okinawa:  Dir,  Maint  Control,  PWD,  Okinawa.  Japan;  Maint  Ofc. 

Camp  Pendleton.  CA;  PWO.  Camp  Lejeune.  NC;  PWO,  Camp  Pendleton.  CA 
MCAF  Code  CI44.  Quantico.  VA 

MCAS  Dir.  Ops  Div,  Fac  Maint  Dept.  Cherry  Point.  NC;  PWO,  Kaneohe  Bay.  HI;  PWO.  Yuma.  AZ 

MCDEC  M  &  L  Div  Quantico.  VA:  NSAP  REP.  Ouantico  VA 

MCRD  SCE.  San  Diego  CA 

NAF  PWO.  Atsugi.  Japan 

NALF  OIC.  San  Diego.  CA 

NAS  Code  (IL.  Alameda,  C'A:  Code  182.  Bermuda:  Code  18700.  Brunswick.  ME:  Code  85.  Patuxent  River.  MD; 
Code  8E.  Patuxent  River.  MD;  Code  SEN.  Patuxent  River.  MD:  Dir.  Maint  Control  Div.  Key  West.  FL. 
Director.  Engrg,  Div;  Engr  Dept.  PWD,  Adak.  AK:  Engrg  Dir.  PW'D.  Corpus  Christi.  TX:  Fac  Plan  Br  Mgr 
(Code  185).  Nl,  San  Diego.  CA;  P&E  (Code  I82IH).  Miramar.  San  Diego.  CA;  PW'D  Maint  Div.  New 
Orleans.  LA:  PWD.  Maintenance  Control  Dir..  Bermuda;  PWO.  Dallas  TX:  PWO.  Glenview  II.;  PWO. 
Ketlavik.  Iceland.  PWO.  Key  West.  FL;  PWO.  Moffett  Field.  CA:  PWO.  New  Orleans.  I  A.  PWO,  South 
Weymouth.  MA:  SCE  Norfolk.  VA:  SCE.  Cubi  Point.  RP:  Security  Offr  (Code  15).  Alameda.  CA;  Security 
Offr,  Kingsville,  TX 

NATL  BUREAU  OF  STANDARDS  R  Chung.  Gaithersburg.  MD 
NATL  RESEARCH  COUNCIL  Naval  Studies  Board.  Washington.  DC 
NAVAIRDEVCEN  Code  815.  Warminster  PA 

NAVAIREWORKFAC  Code  100.  Cherry  Point,  NC;  Equip  Engr  Div  (C  ode  61000).  Pensacola.  FA 

NAVAIRTESTCEN  PWO,  Patuxent  River.  MD 

NAVCAMS  PWO.  Norfolk  VA:  SCE  (Code  N-7).  Naples.  Italy 

NAVCHAPGRU  CO  Williamsburg  VA;  Code  50.  Williamsburg.  VA;  Code  60.  Williamsburg.  \  \ 
NAVCOASTSYSCEN  CO.  Panama  City.  FL:  Code  2250  (J  Quirk)  Panama  (in.  FL;  Code  42  L  Panama  City. 
FL:  Code  650.  Panama  City,  FL:  Code  715  (J  Mittleman)  Panama  City.  II:  Code  772  (C.B  Kocsy). 

Panama  City.  FL;  Tech  Library.  Panama  City.  FL 
NAVCOMMSTA  Dir.  Maint  Control.  PWD.  Diego  Garcia:  PWO.  Exmouth.  Australia 
NAVEDTRAPRODEVCEN  Tech  Lib.  Pensacola.  FL 
NAVELEXCEN  DET.  OIC.  Winter  Harbor.  ME 
NAVEODTECHCEN  Tech  Library.  Indian  Head.  MD 
NAVFAC  PWO.  Centerville  Bch.  Fcrndalc  C’A 

NAVFACENGCOM  CO  (Code  00).  Alexandria.  VA.  Code  05.  Alexandria.  VA;  Code  052F,  Alexandria.  VA; 
Code  05T  (Essoglou).  Alexandria.  VA;  Code  04M,  Alexandria.  VA;  Code  041  IB  (Bloom).  Alexandria.  VA; 
Code  04T4.  Alexandria.  VA;  Code  (UTS.  Alexandria.  VA;  Code  06.  Alexandria  VA;  Code  07A 
(Herrmann).  Alexandria.  VA;  Code  07M  (Gross).  Alexandria.  VA:  Code  09MI24  (lech  l  ib).  Alexandria. 

VA:  Code  100.  Alexandria.  VA:  Code  1115,  Alexandria.  VA;  Code  I15C.  Alexandria.  VA 
NAVFACENGCOM  ■  C’HES  DIV.  Code  101.  Washington.  DC.  Code  405.  Washington,  DC,  Code  406C. 
Washington.  DC,  Code  407  (D  Schecsclc)  Washington.  DC;  Code  FPO-1C.  Washington.  DC;  Code 
FPO-IPL.  Washington.  DC;  FPO-1.  Washington.  DC 

NAVFACENGCOM  •  LAN!  DIV.  Br  Ofc.  Dir.  Naples.  Italy:  Code  1112.  Norfolk.  VA;  Code  405.  Norfolk. 

VA:  Library.  Norfolk.  VA 

NAVFACENGCOM  •  NORTH  DIV.  CO,  Philadelphia.  PA:  Code  04.  Philadelphia.  PA.  Code  (UAL. 

Philadelphia.  PA;  Code  II.  Philadelphia.  PA;  Code  III.  Philadelphia.  PA;  Code  202.2.  Philadelphia.  PA: 
Code  405.  Philadelphia.  PA 

NAVFACENGCOM  •  PAC  DIV.  (Kyi)  Code  101.  Pearl  Harbor.  HI:  Code  09P.  Pearl  Harbor.  HI:  Code  2011. 
Pearl  Harbor.  HI:  Code  402.  RDT&E.  Pearl  Harbor.  HI:  Library,  Pearl  Harbor.  HI 


NAVFACENGCOM  -  SOUTH  DIV.  Code  1112.  Charleston,  SC;  Code  406,  Charleston,  SC,  Library, 

Charleston,  SC 

NAVFACENGCOM  •  WEST  DIV,  09P/20.  San  Bruno,  CA;  Code  04B,  San  Bruno,  CA;  Code  102,  San  Bruno. 

CA:  Library  (Code  04A2.2).  San  Bruno.  CA;  RDT&E  LnO.  San  Bruno,  CA 
NAVFACENGCOM  CONTRACTS  Code  460,  Portsmouth.  VA;  DOICC.  Diego  Garcia;  OICC,  Guam;  OICC. 
Rota  Spain;  OICC-OICC,  Virginia  Beach.  VA;  OICC/ROICC.  Norfolk.  VA;  ROICC  (Code  495), 

Portsmouth,  VA;  ROICC.  Code  61.  Silvcrdale.  WA;  ROICC.  Corpus  Christi.  TX;  ROICC.  Crane,  IN; 
ROICC,  Kcllavik.  Iceland;  ROICC.  Key  West.  FL;  ROICC.  Point  Mugu.  CA;  ROICC/AROICC,  Brooklyn, 
NY;  ROICC/AROICC.  Colts  Neck.  NJ;  ROICC/OICC.  SPA.  Norfolk.  VA;  SW  Pac.  OICC.  Manila,  RP; 
Trident.  OICC.  St  Marys.  GA 
NAVFUEL  DET  OIC.  Yokohama.  Japan 

NAVHOSP  CE.  Newport,  Rl;  Dir.  Engrg  Div.  Camp  Lejeune.  NC;  PWO.  Guam.  Mariana  Islands;  SCE 
(Knapowski).  Great  Lakes.  IL;  SCE.  Camp  Pendleton  CA;  SCE.  Pensacola  FL 
NAVMAG  Engr  Dir.  PWD.  Guam.  Mariana  Islands;  SCE.  Subic  Bay.  RP 
NAVMEDCOM  SEREG.  Head,  Fae  Mgmt  Dept.  Jacksonville,  FL 

NAVOC'EANO  Code  3432  (J.  DePalma).  Bay  St.  Louis  MS;  Code  6200  (M  Paige).  Bay  St.  Louis.  MS;  Library 
Bay  St.  Louis.  MS 

NAVOC'EANSYSCEN  Code  541  (Bachman).  San  Diego.  C'A;  Code  90  (Talkington).  San  Diego.  C'A;  Code  944 
(H.C.  Wheeler),  San  Diego.  CA;  Code  964  (Tech  Library),  San  Diego.  CA;  Code  9642B  (Bayside  Library), 
San  Diego,  CA;  DET.  R  Yumori.  Kailua.  HI;  DET.  Tech  Lib,  Kailua.  HI 
NAVPETOFF  Code  30.  Alexandria.  VA 

NAVPGSCOL  C".  Morers.  Monterey.  CA;  Code  1424,  Library.  Monterey.  CA;  Code  61WL  (O.  Wilson). 

Monterey.  CA;  Code  68  (C.S.  Wu).  Monterey.  CA;  E.  Thornton.  Monterey  CA 
NAVPHIBASE  Harbor  Clearance  Unit  Two.  Norfolk.  VA;  PWO.  Norfolk,  VA;  SCE.  San  Diego,  CA 
NAVRESREDCOM  Commander  (Code  072).  San  Francisco.  CA 
NAVSCOLCECOFF  Code  C44A.  Port  Hueneme.  C'A 
NAVSCSC'OL  PWO.  Athens.  GA 
NAVSEACENPAC  Code  32.  See  Mgr,  San  Diego  CA 

NAVSEASYSC'OM  Code  035.  Washington  DC;  Code  05E1,  Washington.  DC;  Code  05R12.  Washington.  DC; 
Code  06H4.  Washington.  DC;  Code  CEL-TD23.  Washington.  DC;  Code  PMS-396.32II  (J.  Rekas) 

Washington,  DC;  SEA  05E1.  Washington.  DC 
NAVSECGRUACT  PWO.  Adak.  AK 
NAVSECGRUCOM  Code  G43.  Washington.  DC 

NAVSHIPREPFAC  Library.  Guam;  SCE.  Subic  Bay.  RP;  SCE.  Yokosuka  Japan 

NAVSHIPYD  Carr  Inlet  Acoustic  Range.  Bremerton.  WA;  Code  134,  Pearl  Harbor.  HI;  Code  202.4.  Long 
Beach.  CA;  Code  202.5  (Library).  Bremerton.  WA;  Code  280.  Mare  Is..  Vallejo.  CA;  Code  280.28 
(Goodwin).  Vallejo.  CA;  Code  380.  Portsmouth.  VA;  Code  410.  Mare  Is..  Vallejo  CA;  Code  440. 

Bremerton,  WA;  Code  440.  Portsmouth,  NH;  Code  44(1.  Portsmouth.  VA;  Code  440.4.  Bremerton.  WA; 
Code  457  (Maint  Supr).  Vallejo.  CA;  Code  903.  Long  Beach.  CA:  Dir.  Main!  Control,  PWD,  Long  Beach. 
CA;  Dir.  PWD  (Code  420).  Portsmouth.  VA:  Library.  Portsmouth.  NH;  PWD  (Code  450-HD),  Portsmouth. 
VA:  PWD  (Code  457-HD)  Shop  07.  Portsmouth.  VA;  PWO.  Bremerton.  WA:  PWO.  Charleston.  SC:  PWO. 
Mare  Island.  Vallejo.  CA:  SCE.  Pearl  Harbor,  HI 

NAVSTA  A.  Sugihara.  Pearl  Harbor.  Ill;  CO.  Long  Beach.  CA;  CO.  Roosevelt  Roads,  PR;  Code  18.  Midway 
Island;  Dir.  Engr  Div.  PWD  (Code  182(H)).  Mavport.  FL;  Dir.  Engr  Div.  PWD.  Guantanamo  Bay,  Cuba; 
Dir.  Meeh  Engr.  Norfolk.  VA:  Engrg  Dir.  Rota.  Spain;  Maim  Control  Div.  Guantanamo  Bay.  Cuba:  PWO. 
Guantanamo  Bay.  Cuba;  PWO.  Mavport.  FL:  SCE.  Guam.  Marianas  Islands;  SCE.  Pearl  Harbor  HI;  SCE. 
San  Diego  CA;  SCE.  Subic  Bay.  RP 
NAVSUPPACT  PWO.  Holy  Loch.  UK 
NAVSUPPO  Security  Offr.  La  Maddalena.  Italy 

NAVSURFWPNCEN  Code  12 1 1  (C  Rouse).  Dahlgren.  VA;  DEI.  PWO.  White  Oak.  Silver  Spring.  MD; 

PWO.  Dahlgren.  VA 
NAVTRASTA  SCE.  San  Diego.  CA 
NAVWARCOI.  Fae  Coord  (Code  24),  Newport.  Rl 

NAVWPNCEN  Code  2636.  China  Lake.  CA;  DROICC  (Code  702).  China  Lake.  CA 

NAVWPNSTA  Code  092.  Colts  Neck.  NJ;  Code  092,  Concord  CA;  Dir.  Maint  Control.  PWD.  Concord.  CA: 
Dir.  Maint  Control.  Yorktown.  VA:  Engrg  Div.  PWD.  Yorktown.  VA;  K.T.  Clebak.  Colts  Neck,  NJ;  PWO. 
Charleston.  SC:  PWO.  Code  09B.  Colts  Neck.  NJ;  PWO.  Seal  Beach.  CA 
NAVWPNSTA  PWO,  Yorktown.  VA 
NAVWPNSTA  Supr  Gen  Engr.  PWD.  Seal  Beach.  CA 
NAVWPNSUPPCEN  Code  09.  Crane.  IN 
NETC  Code  42.  Newport.  Rl.  PWO,  Newport.  Rl 
COMEODC.RU  OIC.  Norfolk  VA 
NCR  20.  CO.  Gulfport.  MS 

NMCB  3.  SWC  D  Wellington;  74.  CO;  FIVE.  Operations  Dept;  Forty.  CO;  THREE.  Operations  Off 
NOAA  Joseph  Vadux.  Rockville.  MD 

NORDA  Code  410.  Bay  St  Louis.  MS;  Ocean  Rseh  Off  (Code  440).  Bav  St  Louis.  MS 


COMDT  COGARD  Code  2511  (Civil  Engrg).  Washington.  DC 
NRL  Code  5800  Washington.  DC 

NSC  Cheatham  Annex,  PWO,  Williamsburg.  VA;  Code  54.1.  Norfolk.  VA;  Code  700.  Norfolk.  VA;  Fae  & 

Equip  Div  (Code  43)  Oakland.  CA;  SCE.  Charleston.  SC;  SCE.  Norfolk.  VA 
NSD  SCE,  Subic  Bay,  RP 

NUSC  DET  Code  3232  (Varley)  New  London.  CT;  Code  401  (RS  Munn).  New  London.  CT:  Code  TA131  (G. 

De  la  Cruz),  New  London.  CT 

OFFICE  SECRETARY  OF  DEFENSE  ASD  (MRA&L)  Code  CSS  ICC  Washington.  DC 

CNR  DET,  Code481,  Bay  St.  Louis,  MS;  DET.  Dir,  Boston.  MA 

OCNR  Code  421  (Code  E.A.  Silva),  Arlington.  VA;  Code  700F.  Arlington.  VA 

PACMISRANFAC  PWO,  Kauai.  HI 

PERRY  OCEAN  ENG  R.  Pellen,  Riviera  Beach.  FL 

PHIBCB  1,  CO,  San  Diego,  CA;  1.  ELCAS  Offer.  San  Diego.  Ca:  1.  P&E.  San  Diego.  CA;  2.  Co.  Norfolk.  VA 
PMTC  Code  5041,  Point  Mugu,  CA;  Code  5054-S,  Point  Mugu.  CA 

PWC  Code  10,  Great  Lakes,  IL;  Code  10,  Oakland.  CA;  Code  l(M).  Guam,  Mariana  Islands;  Code  10! 

(Library),  Oakland.  CA;  Code  1 10,  Oakland.  CA;  Code  123-C.  San  Diego.  C'A;  Code  4(KI,  Oakland,  C'A; 

Code  400,  Pearl  Harbor,  HI;  Code  4(H),  San  Diego.  CA;  Code  420.  Great  Lakes.  IL;  Code  420.  Oakland. 

CA;  Code  422.  San  Diego.  CA;  Code  423.  San  Diego.  CA;  Code  424.  Norfolk.  VA;  Code  425  (L.N.  Kava. 
P.E.).  Pearl  Harbor.  HI;  Code  438  (Aresto).  San  Diego.  C'A;  Code  5(H).  Norfolk.  VA;  Code  51M).  Oakland. 
CA;  Code  505A,  Oakland.  CA;  Code  590,  San  Diego.  CA;  Code  7(H),  San  Diego.  CA;  Dir  Maint  Dept 
(Code  500),  Great  Lakes,  IL;  Dir.  Scrv  Dept  (Code  4(H)).  Great  Lakes.  IL;  Dir.  Util  Dept  (Code  MK)). 

Great  Lakes.  IL;  Fac  Plan  Dept  (Code  1011).  Pearl  Harbor,  HI;  Library  (Code  134).  Pearl  Harbor.  HI; 
Library.  Guam.  Mariana  Islands;  Library.  Norfolk.  VA;  Library.  Pensaeola.  FL;  Library,  Yokosuka  JA; 

Prod  Offr.  Norfolk.  VA;  Tech  Library.  Subic  Bay.  RP;  Util  Offr.  Guam,  Mariana  Island 
SEAL  TEAM  6.  Norfolk.  VA 
SUBASE  SCE.  Pearl  Harbor.  HI 
SUPSHIP  Tech  Library.  Newport  News,  VA 
HAYNES  &  ASSOC  H.  Haynes,  P.E.,  Oakland,  CA 
UCT  ONE  CO,  Norfolk,  VA 
UCT  TWO  CO,  Port  Hueneme,  CA 
COMDT  COGARD  Hqtrs  Library,  Washington,  DC 

U.S.  MERCHANT  MARINE  ACADEMY  Reprint  Custodian.  Kings  Point.  NY 
US  DEPT  OF  INTERIOR  Bur  of  Land  Mgmnt  (Code  583).  Washington.  DC 
US  GEOLOGICAL  SURVEY  Marine  Geology  Offc  (Piteleki),  Reston.  VA 
USCINC  PAC,  Code  J44,  Camp  HM  Smith.  HI 

USDA  Ext  Serv  (T  Maher),  Washington.  DC;  Forest  Prod  Lab  (DeGroot).  Madison.  Wl;  Forest  Serv.  Reg  8. 
Atlanta.  GA 

USNA  Chairman,  Mech  Engrg  Dept.  Annapolis,  MD;  Mech  Engrg  Dept  (Hasson).  Annapolis.  MD;  Mgr. 

Engrg.  Civil  Specs  Br,  Annapolis.  MD;  PWO.  Annapolis.  MD 
USS  FULTON  WPNS  Rep.  Offr  (W-3)  New  York.  NY 
WATER  &  POWER  RESOURCES  SERVICE  Smoak.  Denver.  CO 
ADVANCED  TECHNOLOGY  Ops  Ccn  Mgr  (Moss).  Camarillo.  CA 
CALIF  DEPT  OF  FISH  &  GAME  Marine  Tech  Info  C'en.  Long  Beach.  CA 
CALIF  DEPT  OF  NAVIGATION  &  OCEAN  DEV  G  Armstrong.  Sacramento.  CA 
CALIF  MARITIME  ACADEMY  Library.  Vallejo.  C'A 

CALIFORNIA  INSTITUTE  OF  TECHNOLOGY  Environ  Engrg  Lib.  Pasadena.  CA 

CALIFORNIA  STATE  UNIVERSITY  C.V.  Chelapati.  Long  Beach.  CA;  CE  Dept  (YC  Kim).  Los  Angeles. 

CA;  Energy  Tech  Dept  (Kohan).  Menlo  Park.  CA 
CITY  OF  BERKELEY  PW.  Engr  Div  (Harrison).  Berkeley.  CA 
CITY  OF  LIVERMORE  Project  Engr  (Dawkins).  Livermore.  CA 
CLARKSON  COLL  OF  TECH  CE  Dept  (Batson).  Potsdam.  NY 
COLORADO  SCHOOL  OF  MINES  Dept  of  Engrg  (Chung).  Golden.  CO 

COLORADO  STATE  UNIVERSITY  CE  Dept  (Nelson).  Ft  Collins,  CO;  CE  Dept  (W  Charlie).  Fort  Collins. 

MD 

CORNELL  UNIVERSITY  Library.  Ithaca.  NY;  Civil  &  Environ  Engrg  (F.  Kulhwav).  Ithaca.  NY 

DAMES  &  MOORE  LIBRARY  Los  Angeles.  CA 

DUKE  UNIV  MEDICaL  CENTER  CE  Dept  (Muga).  Durham.  NC 

FLORIDA  ATLANTIC  UNIVERSITY  Ocean  Engrg  Dept  (Hartt).  Boca  Raton.  FL;  Ocean  Engrg  Dept 
(McAllister).  Boca  Raton.  FL;  Ocean  Engrg  Dept  (Su).  Boca  Raton.  FL 
FLORIDA  INSTITUTE  OF  TECHNOLOGY  C'E  Dept  (Kalajian).  Melbourne.  FL 

GEORGIA  INSTITUTE  OF  TECHNOLOGY  C'E  Scol  (Kahn).  Atlanta.  GA;  CE  Scol  (Mazanti).  Atlanta.  GA 
INSTITUTE  OF  MARINE  SCIENCES  Dir.  Morehead  City.  NC;  Dir.  Port  Aransas.  TX;  Library.  Port  Aransas. 
TX 

IOWA  STATE  UNIVERSITY  CE  Dept.  (Handy).  Ames.  IA 

WOODS  HOLE  OCEANOGRAPHIC  INST.  Proj  Engr.  Woods  Hole.  MA 


LEHIGH  UNIVERSITY  CL  Dcpl.  Hydraulics  Lah.  Bethlehem.  PA.  l.inderman  l.ihr.  Ser  Cataloguer. 

Bethlehem.  PA;  Marine  Geotech  Lab  (A  Richards).  Bethlehem.  PA 
MAINE  MARITIME  ACADEMY  l  ib,  Castme.  ME 

MICHIGAN  TECHNOLOGICAL  UNIVERSITY  CE  Dept  (Haas).  Houghton.  Ml 

MIT  Engrg  Lib.  Cambridge.  MA;  Lib.  Tech  Reports.  Cambridge.  MA;  RV  Whitman.  Cambridge.  MA 

NATURAL  ENERGY  LAB  Library.  Honolulu.  HI 

NEW  MEXICO  SOLAR  ENERGY  INST.  Dr.  Zwihel  Las  t  ruces  NM 

NEW  YORK-NEW  JERSEY  PORI  AUIH  R&D  Engr  (Yontar).  Jersey  City.  NJ 

NY  CITY  COMMUNITY  COLLEGE  Library.  Brooklyn.  NY 

OREGON  STATE  UNIVERSITY  CE  Dept  (Bell).  Corvallis.  OR;  CF.  Dept  (Grace).  Corvallis.  OR; 
Oceanography  Scol.  Corvallis.  OR 

PENNSYLVANIA  STATE  UNIVERSITY  Applied  Rsch  Lab.  State  College.  PA.  Gotolski.  University  Park. 

PA.  Rsch  Lab  (Snyder).  State  College.  PA 
POR  I  SAN  DIECiO  Pro)  Engr.  Port  Fac.  San  Diego.  C'A 
PORTLAND  STATE  UNIVERSITY  Engrg  Dept  (Migliore).  Portland.  OR 

PURDUE  UNIVERSITY  C  E  Scol  ( Altschaelll).  Lafayette.  IN;  CE  Scol  (Leonards).  Lafayette.  IN;  Engrg  Lib. 
Lafayette.  IN 

SAN  DIEGO  STATE  UNIV.  CE  Dept  ( Krishnamoorthy).  San  Diego,  CA;  CE  Dept  (Noorany).  San  Diego.  CA 
SEATTLE  UNIVERSITY  CE  Dept  (Sehwaegler).  Seattle.  WA 

SOUTHWEST  RSCH  INST  Energetic  Svs  Dept  (Esparza).  San  Antonio.  IX;  King.  San  Antonio.  TX;  R. 
DeHart.  San  Antonio  TX 

STATE  UNIV  OF  NEW  YORK  C'E  Dept  (Reinhorn).  Buffalo.  NY;  Maritime  Col  (l.ongobardi).  Bronx.  NY 
TEXAS  A&M  UNIVERSITY  CE  Dept  (Ledbetter).  College  Station.  TX;  CE  Dept  ( N icdzwecki ) .  College 
Station.  TX;  Ocean  Engr  Proj.  College  Station.  TX 
UNIVERSITY  OF  ALASKA  Doc  Collect.  Fairbanks.  AK;  Marine  Sci  Inst.  Lib,  Fairbanks.  AK 
UNIVERSITY  OF  CALIFORNIA  CE  Dept  (Gerwick).  Berkeley.  CA.  CE  Dept  (Mitchell).  Berkeley.  CA;  CE 
Dept  (Taylor).  Davis,  CA;  Naval  Arch  Dept.  Berkeley.  C'A;  Prof  E.A.  Pearson.  Berkeley.  CA;  Trans  Engrg 
Dept  (Duncan).  Berkeley.  CA 
UNIVERSITY  OF  CONNECTICUT  Library.  Groton.  CT 

UNIVERSITY  OF  DELAWARE  CE  Dept.  Ocean  Engrg  (Dalrymple).  Newark.  DE;  Engrg  Col  (Dexter). 
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